Motorcycle protective clothing can be uncomfortably hot during summer, and this experiment was designed to evaluate the physiological significance of that burden. Twelve males participated in four, 90-min trials (cycling 30 W) across three environments (25, 30, 35 °C [all 40% relative humidity]). Clothing was modified between full and minimal injury protection. Both ensembles were tested at 25 °C, with only the more protective ensemble investigated at 30 and 35 °C. At 35 °C, auditory canal temperature rose at 0.02 °C min(-1) (SD 0.005), deviating from all other trials (p < 0.05). The thresholds for moderate (>38.5 °C) and profound hyperthermia (>40.0 °C) were predicted to occur within 105 min (SD 20.6) and 180 min (SD 33.0), respectively. Profound hyperthermia might eventuate in ~10 h at 30 °C, but should not occur at 25 °C. These outcomes demonstrate a need to enhance the heat dissipation capabilities of motorcycle clothing designed for summer use in hot climates, but without compromising impact protection. Practitioner's Summary: Motorcycle protective clothing can be uncomfortably hot during summer. This experiment was designed to evaluate the physiological significance of this burden across climatic states. In the heat, moderate (>38.5 °C) and profound hyperthermia (>40.0 °C) were predicted to occur within 105 and 180 min, respectively. 
Keywords: core temperature, heat loss, heat strain, metabolic heat production, motorcycle clothing, protective clothing, protective equipment
Practitioner's Summary
Motorcycle protective clothing can be uncomfortably hot during summer. This experiment was designed to evaluate the physiological significance of this burden across climatic states.
In the heat, moderate (>38. 
INTRODUCTION
It has long been recognised that personal protective clothing and equipment, when used during moderate to heavy work, can push individuals to the limits of physiological regulation Goldman, 2001; Fogarty et al., 2004; Caldwell et al., 2011 Caldwell et al., , 2012 McLellan et al., 2013; Taylor and Patterson, 2015) . What is less certain is the physiological strain imposed by such ensembles during light to moderate workloads, such as those encountered during motorcycle riding, and whether or not one need even consider the impact of such levels of strain. Nonetheless, evidence already exists to indicate that thermal discomfort is a key disincentive to the wearing of motorcycle protective clothing in hot weather (de Rome et al., 2011a; Wishart, 2009; Zwolinska, 2013) , even though the efficacy of such protective ensembles is well established (de Rome et al., 2011a (de Rome et al., , 2011b . However, there is a paucity of information pertaining to the capacity of such protective ensembles to disturb either thermal homoeostasis or the cognitive processes necessary for safe motorcycle riding, particularly when climatic conditions conspire to unfavourably tilt the balances for physiological or cognitive performance. Therefore, the purpose of this investigation was to quantify thermal and cardiovascular strain during simulated, urban motorcycle rides conducted under controlled laboratory conditions.
The impact of personal protective clothing and equipment occurs firstly through an elevation in metabolic heat production, due both to its combined mass (Goldman and Iampietro, 1962; Soule and Goldman, 1969; Taylor et al., 2012) and to its restriction of joint movements (Nunneley, 1989; White et al., 1989; Dorman and Havenith, 2009 ). The second effect relates to the trapping of heat, for all garments create a layer of air between the skin and the outer surface of the clothing. Since air is one of the best insulators known, the thicker this boundary layer becomes, the greater will be its impediment to both heat penetration and heat loss (Benedict et al., 1919; . For those working in thermally stressful environments, the objective of such clothing is to elevate thermal insulation and protection from external heat. For motorcyclists, protective ensembles are designed to maintain a barrier between the road surface and skin during an accident, with impaired heat loss, due to increased insulation and reduced moisture permeability, coming as an undesired, albeit necessary, consequence. It follows then that heat loss becomes increasingly more difficult as the protective properties of each ensemble are enhanced. This could compromise physiological and possibly cognitive performance. It was hypothesised that the combined influences of metabolic heat production during a simulated, urban motorcycle ride in hot summer weather (Australia), when wearing the recommended protective clothing, would not result in either moderate hyperthermia (deepbody temperature >38.5 o C ) or excessive cardiovascular strain (heart rate >180 beats.min -1 ) within 90 min. To test this hypothesis under controlled conditions, twelve males participated in four simulations during which the physiological consequences of two levels of rider protection and three climatic states were evaluated, whilst metabolic heat production was matched to that observed in six experienced motorcyclists during urban riding.
METHODS
This experiment was comprised of two discrete parts. Firstly, two field trials were undertaken using experienced motorcyclists, who performed controlled urban and rural rides;
pilot tests one and two. From continuous oxygen consumption measurements made during those trials, the metabolic heat production of such controlled riding was derived. The main experiment involved laboratory trials during which the thermal and cardiovascular impact of three climatic states and two levels of rider protection were investigated. In those trials, participants exercised at an intensity that replicated the average heat production observed in the pilot trials.
Participants
For the pilot investigations, six experienced motorcyclists (males) were used (average age 43.0 y [standard deviation (SD) 9.3], height 170.6 cm [SD 7.6] The main experiments were the laboratory-based trials, and these involved three experimental conditions (Table 1) (Barnett and Maughan, 1993; Tipton et al., 2008) . Drinking and eating were not permitted during any testing.
Procedural details
Simulating heat production during motorcycle riding: Since performing this experiment in the field would involve significant, uncontrollable and potentially irreproducible metabolic and climatic variations, it was essential to undertake testing within a climate chamber.
However, this first necessitated simulating both the metabolic energy transformation (metabolic heat production minus the external work performed) associated with motorcycle Santee and Gonzalez, 1988) ; two were located in front (1.0 m), whilst the third was behind (0.7 m). To more realistically simulate urban riding, during which relative air movement enhances both convective and evaporative heat exchanges, a large-diameter fan (830 mm) was positioned at chest height 2.2 m in front of the subject. Wind velocity was kept constant during cycling (30 km.h -1 ), and was reduced to <1 km.h -1 during each rest period.
Since the use of overhead radiant heaters and relative wind movement necessitated a posture closely resembling that of motorcycle riding, cycle ergometry was deemed to be the most appropriate form of exercise. The ergometer was then positioned facing the fan and immediately below the three radiant heaters. In this position and with that posture, the body surfaces exposed to radiant heating best matched those of motorcycle riding, and involved the head, shoulders, the dorsal surfaces of both arms and the upper back. Zippered ventilation ports were provided for the chest, back, arms and legs, but all of these remained closed, and thereby provided a superior evaluation of the fabrics typically used in the construction of motorcycle clothing. In addition, since the location of some ports may actually compromise rider protection, it was important to conduct this testing within a state of optimal impact and abrasion protection. Thus, without garment ventilation, subjects were tested under conditions most likely to disturb thermal homoeostasis, should it occur during any of these simulations. This was a deliberate strategy, since if physiologically significant strain could not be established under these conditions, then it would be much less likely to occur when wearing less stressful ensembles.
Pre-experimental standardisation: Subjects for the laboratory trials were instructed how to prepare and present in a well-hydrated, post-absorptive state. This involved drinking 15 mL.kg -1 of additional water before going to bed on the night before testing, and eating a highcarbohydrate, low-fat evening meal and breakfast. On the morning of testing, subjects were asked to drink 500 mL of fluid with breakfast. Participants refrained from strenuous exercise, heavy alcohol consumption and tobacco use during the 12-h period prior to each trial, and the consumption of caffeine for 2 h before testing. On presentation, urine specific gravity was measured to verify hydration state (Clinical Refractometer, Model 140, Shibuya Optical, Tokyo, Japan), after which an isotonic drink (10 mL.kg -1 ) was provided, with subjects asked to consume as much as comfortably possible. Deep-body temperature was assessed from the auditory canal, and monitored using an earmoulded plug with a thermistor protruding 1 cm (FF mini thermistor, Edale instruments Ltd., Cambridge, U.K.). The average phase delay between the sudden immersion of these sensors in warm water and the first recorded temperature rise was 4.2 s. The sensor was located within the external auditory meatus and insulated with cotton wool, over which a correctly fitted motorcycle helmet was positioned. This method prevented airflow around each ear and it also minimises thermal artefacts within the auditory canal, permitting canal temperature to validly track oesophageal and central blood temperatures , particularly during temperate and heated states (Cotter et al., 1995; Todd et al., 2014) . Skin temperatures become more uniform in the heat (Werner and Reents, 1980; Taylor et al., 2014) , particularly those under protective clothing . Therefore, mean skin temperature was derived from the weighted summation of just four skin sites (chest, arm, thigh, leg; Ramanathan, 1964 (Taylor and Machado-Moreira, 2013) , clothing moisture retention and evaporation rates were determined from gross body (wearing swimming costumes only), and clothing and equipment masses measured before and after each trial (fw-150k, A&D scale, CA, U.S.A.: ±20 g).
Physiological and psychophysical measurements
Psychophysical data were sampled twice during each of the three exercise periods (10, 25, 40, 55, 70, 85 min) and again at the end of each rest period (30, 60, 90 min). Thermal sensation was monitored using a modified Gagge scale (Gagge et al., 1967) , with the end points extended (scale: 1 = unbearably cold, 13 = unbearably hot). Using the same scale, but different sensation indicators, skin or clothing wetness sensations were similarly recorded (scale: 1 = unbearably dry, 13 = totally saturated). For these sensations, subjects were asked:
"How does the temperature of your body feel?" and "How wet or moist does your skin or clothing feel?" Subjective thermal and wetness discomfort votes were also recorded (Gagge et al., 1967: scale: 1 = comfortable, 5 = extremely uncomfortable) in response to the 
Design and analysis
This experiment was based upon a repeated-measures design, with subjects participating in every trial and acting as their own controls. Since the principal objective was to characterise the level of thermal strain that might be encountered by motorcyclists during an urban ride in summer, physiological and psychophysical data were first analysed to provide standard descriptive parameters, with subsequent comparisons performed using paired t-tests and twoway analysis of variance, both with alpha set at the 0.05 level. Data are presented as means with standard deviations (SD) or 95% confidence intervals (CI) to highlight data distributions. Temperature and heart rate data for each participant were individually modelled using least-squares, best-fit, linear regression analysis, with slopes and intercepts reported as trial averages across the 12 participants. These parameters were used to predict times to reach states of moderate and profound hyperthermia for each participant.
RESULTS

Pre-experimental standardisation
On presentation, participants were classified as well hydrated on the basis of urine specific gravity measurements (Armstrong et al., 1994) , and commenced each trial in a very similar 
The impact of modifying injury protection
Trials A and B (25 o C) were conducted to evaluate the influence of modifying the level of injury protection under temperate conditions. In that state, it is not unusual to observe people wearing long-sleeved t-shirts and trousers when sitting comfortably outside on a windy day.
With a low level of metabolic heat production, thermal comfort can even be achieved in strong winds, so these two temperate trials provided control references for the physiological changes associated with simply wearing the appropriate protective clothing, and for its combined effect with increments in the external thermal load. Auditory canal and mean skin temperatures are illustrated in Figure 1 , with every subject completing Trials A and B. For auditory canal temperatures during these two trials, significant inter-trial differences were not observed (P>0.05). Indeed, these data remained stable and virtually superimposed ( Figure   1A ), averaging 36. to a transient cessation of exercise, and concomitant elevations in mean skin temperature that accompanied reduced convective heat loss when the fan speed was reduced.
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Page 13 Each of the psychophysical indices was significantly elevated from Trial A to B (Table 2; P<0.05). Thus, although central thermal strain was minimal and very similar, subjects reported feeling hotter, more sweaty and less comfortable when wearing the motorcycle protective clothing.
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The impact of thermal loading upon protected motorcyclists
Physiological insufficiency (Barcroft and Edholm, 1945; Taylor and Patterson, 2015) . However, no individual reached that state under any of the experimental conditions, with the highest recorded heart rates from Trial D ranging from 105-165 beats.min -1 . Therefore, the second part of the working hypothesis could be accepted. Interestingly, these maxima were not necessarily age-dependent, as the lowest exercising heart rates for these fixed absolute work rates in Trial D were observed within the oldest individual (61 y: 105 beats.min -1 ), whilst the highest was seen in the second youngest subject (22 y: 165 beats.min -1 ), even though both participants had maximal heart rates in excess of 180 beats.min -1 . Instead, these outcomes are more likely to have reflected differences in habitual exercise behaviour.
Sweat secretion across these trials also revealed step-wise increments ( 
DISCUSSION
The principal outcomes from this experiment were that, within air temperatures approximating the normothermic deep-body temperature (37 o C), motorcyclists similar to those used in this investigation would, on average, be likely to approach moderate hyperthermia (>38. thresholds would most likely be reached significantly earlier (Tipton et al., 2008; Taylor, 2014) , and in some people (e.g., S12 from the current sample), in almost half the time. research currently being undertaken. In addition, the possibility also exists that riders may be less able to maintain postural stability, and this too warrants further investigation.
Whilst some helmets do not impose a significant additional thermal load on the wearer, relative to non-protective headwear, during exercise of a similar intensity (Caldwell et al., 2007; , the impact of helmets per se on heat loss and thermal comfort (Brühwiler et al., 2006) , particularly from closed-face motorcycle helmets (Bogerd and Brühwiler, 2009; Bogerd et al., 2011) , is significant. However, that impact remained constant within this investigation, with every subject wearing the same, correctly sized helmet for each laboratory trial. Nevertheless, the necessary use of open-face helmets for this experiment, albeit with the visors down, would mean that heat loss would be greater than if closed-face helmets were used. Consequently, the current observations tend to under-represent the thermal strain imposed by the helmet.
Since the main thermal outcomes were based upon auditory canal temperature measurements, then it is first necessary to consider the validity of that index relative to other deep-body indices (see Taylor et al. [2014] for an extended discussion). It has long been recognised, although not always appreciated, that an insulated auditory canal temperature reliably tracks variations in deep-body temperature (Cooper et al., 1964; Greenleaf and Castle, 1972; Edwards et al., 1978; Hayward et al., 1984; Cotter et al., 1995; Taylor et al., 2014) , particularly within higher air temperatures, and certainly when the ears are further insulated by the wearing of a motorcycle helmet. This was perhaps most clearly illustrated by Todd et al. (2014) who sinusoidally varied heat production and deep-body temperature, finding the auditory canal index tracked oesophageal temperature, and therefore central blood temperature (Cooper et al., 1964; Hayward et al., 1984) . Earlier work by the same group established the phase delay between these two indirect indices to be about 90 s (Russell, 1999) . However, it has also been established that the auditory canal reveals a thermal bias towards the prevailing ambient conditions (Gibbons, 1967; Greenleaf and Castle, 1972; Morgans et al., 1981) , and it is slightly lower in normothermic states .
Accordingly, one may conclude the current data faithfully tracked temperature changes within the blood perfusing the brain and driving thermoregulation, but perhaps with a slight offset. When considering the two clothing states at 25 o C, minimal strain differences were evident.
Nevertheless, the vertical displacement of the mean skin temperatures ( Figure 1B) , which was seen in every condition, reflected two important interactions. Firstly, there was increased heat trapping within the protective jacket and trousers that was less evident when wearing jeans and t-shirts. This, of course, was predictable, since the protective ensembles chosen were poorly permeable to water vapour and had a high thermal insulation. Secondly, when the ambient temperature was modified, the thermal gradient necessary for heat dissipation was progressively reduced, and since metabolic heat production remained constant, then heat storage, and therefore deep-body temperature, must be elevated ( Figure 1A ). The fact that this temperature rise was not apparent at 25 o C can be attributed to the dry heat loss, which was principally of a convective nature that approximated the rate of heat production.
At normal body temperatures, an increase in skin temperature will stimulate cutaneous vasodilatation (Caldwell et al., 2014) , and thereby increase the delivery of central-body heat to the skin for dissipation. This also helps explain the significantly greater skin temperatures and the thermal gradient observed in Trial B. Therefore, this hotter skin was thermally advantageous, as it permitted heat loss to keep pace with heat production, even in the presence of heavy clothing insulation. While skin blood flows were not measured, this interpretation can be assumed on the basis of the central cardiac responses, which, in the absence of a significant central thermal change, resulted in the heart rates being elevated beyond that required for oxygen delivery to the working muscles (Figure 2 ). This increase was necessary to regulate mean arterial pressure in the face of a whole-body, cutaneous vascular engorgement (Fogarty et al., 2004; . When the air temperature was increased, further chronotropic changes were seen, and these could be assigned to four concurrent factors; sustained oxygen delivery, continued skin heating due to greater heat trapping (reduced dry heat loss), further cutaneous vasodilatation driven now by the rise in deep-body temperature and subserving thermoregulation , and a direct thermal (Q 10 ) effect upon the heart itself. Nevertheless, stable blood pressure regulation was not always achieved, and symptoms of syncope within three individuals in the hottest condition imply they were at the cusp of cardiovascular insufficiency (Barcroft and Edholm, 1945; Bass et al., 1955; Noakes, 2008; Taylor and Patterson, 2015) . (Pugh et al., 1967; Maughan et al., 1985) . However, it can have critical clinical implications in nonadapted, chronically sedentary, overweight and unhealthy individuals, and the timedependent nature of these deep-body temperature increases indicate that profound hyperthermia may become inevitable in some people during extended summer motorcycling in urban conditions.
CONCLUSIONS
This experiment was designed to provide an evaluation of the physiological consequences of these impact-protective ensembles under close to worst-case conditions. The outcomes indicate that greater design attention is required to enhance dry and evaporative heat dissipation from motorcycle clothing intended for summer use in hotter climates. Such modifications must be undertaken without compromising injury protection. In addition, it remains to be determined whether or not the physiological strain observed at an air 
